Anaerobic phenol degradation is best understood in the facultatively anaerobic denitrifier Thauera aromatica (DSM6984). In this strain, phenol is initially converted to phenylphosphate by phenylphosphate synthase (Pps) with concomitant hydrolysis of ATP (5, 16, 28) (Fig. 1A) . The ␣-and ␤-subunits of Pps resemble the central and N-terminal parts of the phosphoenolpyruvate synthase, respectively. The ␤-subunit contains the ATP-binding moiety of the enzyme and is thought to transfer a diphosphoryl group to a conserved histidine residue in the ␣-subunit (23) . There, orthophosphate is released and the ␤-phosphate group of ATP is transferred to phenol. Both subunits are therefore required for phosphorylation. The ␥-subunit is dispensable. However, its presence stimulates the reaction severalfold (28) .
In the next step, phenylphosphate is carboxylated by the action of phenylphosphate carboxylase (Ppc), yielding 4-hydroxybenzoate (4-OHB) (15, 17, 29) . The ␦-subunit of the enzyme shows similarities to proteins of the hydrolase/phosphatase family (29) . It was suggested to bind phenylphosphate and to catalyze its dephosphorylation, a reaction that is exergonic and virtually irreversible. The resulting phenolate anion is carboxylated by the core enzyme composed of ␣-, ␤-, and ␥-subunits. This reaction requires CO 2 (rather than bicarbonate, as known from other carboxylases) and is freely reversible. Both the ␣-and ␤-subunits display significant similarities to UbiD of Escherichia coli, a 3-octaprenyl-4-hydroxybenzoyl decarboxylase involved in ubiquinone biosynthesis. Furthermore, similarities to other (de)carboxylating enzymes acting on aromatic substrates were detected. Additionally, the ␣-and ␤-subunits share 29% sequence identity (49% similarity) with each other. In contrast to the other subunits, the ␥-subunit is unique to the phenylphosphate carboxylase. Conversion of 4-OHB to the central intermediate benzoyl-coenzyme A (CoA) is accomplished by the activities of 4-OHB-CoA ligase and 4-hydroxybenzoyl-CoA reductase (dehydroxylating) (4, 6, 8) .
In the genome of T. aromatica, the pps and ppc genes, coding for the phenylphosphate synthase and phenylphosphate carboxylase, are clustered in one operon (9) (Fig. 1B) . The operon is preceded by its putative regulator gene, which is transcribed in the opposite direction. Expression of the pps and ppc genes is strictly regulated by the presence of phenol. No activities of the respective enzymes were detected in cells grown on 4-OHB. A gene cluster with an organization identical to that of the pps and ppc genes and nearly identical to those of T. aromatica was identified in strain EbN1 (27) and was also found to be induced by phenol (35) .
A completely different pathway was proposed for the fermenting bacterium Sedimentibacter hydroxybenzoicus. There, an ATP-independent 4-OHB decarboxylase was identified that under in vitro conditions was also found to catalyze the reverse reaction, i.e., phenol carboxylation (13, 36) . On the basis of this observation, the enzyme was suggested to be responsible for phenol degradation in the strain. The physiological function of the reversible decarboxylase has not yet been elucidated. Studies of a strictly anaerobic syntrophic consortium suggest that the 4-OHB decarboxylase and the phenol carboxylase activities are associated with two different enzymes (11) . Phenol metabolism in other strictly anaerobic, e.g., iron-reducing or sulfatereducing bacteria has not been studied in detail.
The iron-reducing, phenol-degrading deltaproteobacterium Geobacter metallireducens GS-15 (20) carries a gene cluster bearing significant similarity in sequence and organization to that of T. aromatica (Fig. 1B) (accession number NC_007517). The deduced amino acid sequences of the open reading frames (ORFs) Gmet_2099 through Gmet_2102, Gmet_2104, and Gmet_2105 (accession no. YP_385053.1 through YP_385056.1, YP_385058.1, and YP_385059.1) display between 50 and 78% identity (68 to 88% similarity) to the putative regulator, PpsABC, PpcB, and the carboxylase-like ORF8 of T. aromatica. Furthermore, the G. metallireducens genome carries two ppcD homologues. One (Gmet_2112; accession. no. YP_385066.1) is located downstream of the gene cluster containing the pps-and ppc-like ORFs and transcribed in the opposite direction. The other (Gmet_1279; accession no. YP_384240.1) is located elsewhere in the genome. The putative phenol degradation gene cluster is located in a genetic region of the genome of G. metallireducens that carries the genes for the degradation of several other aromatic compounds (Fig. 1C) .
Based on the resemblance between the two gene clusters and on the observation that 4-OHB is an intermediate of phenol mineralization in G. metallireducens, the degradation pathway has previously been proposed to function similarly to that of T. aromatica (28) . If phenol is initially transformed to 4-OHB in G. metallireducens, further breakdown could take place as described for T. aromatica. The activities of a 4-OHBCoA ligase and a 4-hydroxybenzoyl-CoA reductase were recently shown in cell extracts of the strain (26) . A pathway for the metabolism of benzoyl-CoA, including a novel ATP-independent benzoyl-CoA reductase (BamB-BamI), as well as a cyclohexadienoyl-CoA hydratase (BamR), a hydroxyenoylCoA dehydrogenase (BamQ), and an oxoenoyl-CoA hydrolase (BamA), has been described (34) .
In this work, we investigated the initial steps of phenol degradation in G. metallireducens GS-15. Applying a variety of methods, including metabolite, transcriptome, proteome, and enzyme studies, we were able to characterize the peripheral pathway and highlight important differences from the systems known so far.
MATERIALS AND METHODS
Culture conditions, cell harvest, and preparation of cell extracts. G. metallireducens GS-15 was maintained in 50-ml serum bottles (Glasgerätebau Ochs GmbH, Bovenden, Germany) on mineral salt medium (21) containing 60 mM Fe(III) citrate as an energy source and 20 mM acetate as a carbon source. For transcriptome and proteome studies, the strain was cultured in 100-ml serum bottles, and 20 mM acetate, 3 mM 4-OHB, or 0.5 mM phenol was added as a carbon source. For experiments with [
14 C]phenol and for enzymatic studies, G. metallireducens was cultivated in 2-liter flasks, and 2 mM phenol was added. Growth was monitored by measuring substrate concentrations and by counting cells, either directly in a Neubauer counting chamber or after DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining. Paraformaldehyde fixation, DAPI staining, and enumeration were performed according to the method of Alfreider et al. (1) . Cells were harvested during exponential growth.
Phenol transformation by whole cells and TLC analysis of products. 14 Clabeled substrate and intermediates were detected as described elsewhere (16), except for the following slight modifications. Cells from 2 liters of culture (approximately 0.6 g [wet weight]) were harvested by centrifugation (10,500 ϫ g; 4°C; 10 min). The pellet was washed twice in culture medium lacking phenol and was finally suspended in buffer containing 5 mM NaHCO 3 and 1 mM NaNO 3 to give a 30-fold-concentrated cell suspension (3 ϫ 10 10 cells/ml; approximately 9 mg cell dry mass/ml). [U-
14 C]phenol (1 Ci ϭ 34 kBq; specific radioactivity, 80 mCi/mmol) was added to a 5-ml cell suspension to a final concentration of 2.5 M. After 0.2, 0.5, 1, 1.5, 5, 10, 30, and 60 min of incubation, 0.5-ml samples were withdrawn and prepared for thin-layer chromatography (TLC) as described previously (16) . Ten microliters of resuspended sample was subjected to TLC that was carried out for 3 h on 20-by 20-cm aluminum plates covered with a 0.2-mm silica gel (Kieselgel 60 F 254 ; Merck) and with ethanol-dichloromethanewater (8:1:1 [vol/vol/vol]) as the solvent. After chromatographic separation, radioactive substances were visualized by exposing the TLC plate to a phosphorimager plate (Fujix BAS-IP MP 2040S; Fuji, Japan) for 48 h and scanning it with a Molecular Imager FX scanner (Bio-Rad, Hercules, CA).
14 C-labeled phenylphosphate and 4-OHB were identified by comigration with internal standards that had been added to the stopping solution (1 mM phenylphosphate; 0.1 mM 4-OHB). These compounds were visualized under 254-nm UV light.
DNA extraction and PCR. Genomic DNA was extracted using the Nucleospin CϩT kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's guidelines. PCR was performed using an MJ Research PTC-200 thermal cycler (GMI). Unless stated otherwise, reaction mixtures had a total volume of 12.5 l and contained 6.25 l PCR Master Mix (Promega), 5 pmol of each primer (Microsynth, Balgach, Switzerland), and 1 to 4 l template cDNA (see below) or 10 to 50 ng genomic DNA.
Primer pairs amplifying approximately 500-bp fragments of the ORFs Gmet_2100 (ppsA-like; Gmet_2100f, 3Ј-ACC AGT TCG TCA CTG ACG-5Ј, and Gmet_2100r, 3Ј-GAA TTC GAA GTG GTA CTG C-5Ј), Gmet_2101 (ppsBlike; Gmet_2101f, 3Ј-CTG GGC GAG CTG ATA AGC-5Ј, and Gmet_2101r, 3Ј-GAG TTG GCC ATC TTC TGC-5Ј), Gmet_2102 (ppcB-like; Gmet-2102f, 3Ј-AAA TGG ATG GAG CTG ACC-5Ј, and Gmet2102r, 3Ј-TCT TCC ATC AAC TCC TCG-5Ј), Gmet_2104 (ppsC-like; Gmet_2104f, 3Ј-TAG TCC GCA ACT GGA TGC A-5Ј, and Gmet_2104r, 3Ј-CGC ATT TTC TCC GCT TCC-5Ј), Gmet_2105 (resembling ORF8 of T. aromatica; Gmet_2105f, 5Ј-TTG GTA GTG GCA ATC ACC-3Ј, and Gmet_2105r, 5Ј-ATG TCC ATG ATT GAC TCC-3Ј), and Gmet_2112 (ppcD-like; Gmet_2112f, 5Ј-AGG GCA TTC TAC GTT TGG-3Ј, and Gmet_2112r, 5Ј-CCA GGC ATT TAA GGA TCC-3Ј) were tested in a temperature gradient program involving an initial denaturation step at 94°C for 3 min, followed by 36 cycles of 94°C for 45 s, 50 to 70°C for 45 s, and 72°C for 1 min, with a final elongation step of 72°C for 6 min. The primer pairs used for the amplification of approximately 500-bp fragments of the genes bamA, bamR, and rpoB (RNA polymerase, ␤-subunit) have been described previously (34) . The program for the amplification of gene fragments from cDNA involved an initial denaturation step at 94°C for 3 min, followed by 36 cycles of 94°C for 45 s, 53°C for 45 s (ORFs Gmet_2104, Gmet_2105, and Gmet_2112) or 60°C for 45 s (all other ORFs), and 72°C for 1 min, with a final elongation step of 72°C for 10 min. 16S rRNA gene fragments were amplified using 5 pmol (each) of primers 27F and 1492R (19) , the Taq PCR Master Mix (Qiagen), and a PCR program described previously (14) . The results were checked by electrophoresis on a 1.5% agarose gel.
RNA extraction and reverse transcriptase PCR. Cells from 4 to 6 ml of culture were harvested by centrifugation (7,300 ϫ g; 4°C; 10 min), shock frozen, and stored at Ϫ80°C until further use. Prior to RNA extraction, the cells were freeze-dried (Ϫ45°C; 0.05 mbar; 20 min) in a freeze dryer (Christ Alpha 2-4; Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany). RNA was isolated using the TRIzol reagent (Invitrogen) (10) . Contaminating DNA was removed using the DNAfree kit (Ambion/Applied Biosystems, Frankfurt, Germany) according to the manufacturer's protocol for highly contaminated RNA. Complete removal of DNA was verified by PCR amplifying long 16S rRNA gene fragments or short fragments of two randomly chosen genes from the set under study. RNA purity was assessed by measuring the A 260 /A 280 and A 260 /A 230 ratios. For RNA integrity evaluation, the 23S/16S ratio of the RNA separated electrophoretically on a 1.5% agarose gel was determined using the GeneTools software (Syngene, Cambridge, United Kingdom). RNA concentrations were measured using the RiboGreen RNA Quantitation Reagent and kit (Molecular Probes/ Invitrogen, Karlsruhe, Germany). cDNA was synthesized from 100 ng of total RNA using the RevertAid H Minus First Strand cDNA Synthesis kit (Fermentas, St. Leon-Rot, Germany) and the random hexamer primers provided. Gene expression was studied by partially amplifying gene fragments from undiluted, 10-fold-diluted, and 100-fold-diluted cDNA according to the method described above. Genomic DNA of G. metallireducens was used as a positive control.
2-D gel electrophoresis. For proteome analysis, cells from 100 ml culture were harvested by centrifugation (7,300 ϫ g; 4°C; 10 min). Crude cell extracts were prepared as described previously (3) and stored at Ϫ20°C. Two-dimensional (2-D) gel electrophoresis was carried out by isoelectric focusing (IEF) in the first and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in the second dimension (chemicals and equipment were from GE Healthcare, Uppsala, Sweden, unless stated otherwise) (25) . Two hundred micrograms of protein was precipitated by adding 5 volumes of ice-cold acetone for 10 min at Ϫ20°C. After centrifugation (14,800 ϫ g; 4°C; 30 min), the supernatant was removed completely and the resulting pellet was dissolved in 140 l DeStreak rehydration solution containing 0.5% (vol/vol) immobilized pH gradient (IPG) buffer, pH 4 to 7 or pH 3 to 10. Precipitates were removed by centrifugation (15 min; 23,100 ϫ g; 20°C), and the supernatant was loaded on 7-cm IPG strips, pH 4 to 7 or pH 3 to 10. Rehydration and IEF were performed in an Ettan IPGphor 3 IEF unit according to the manufacturer's guidelines. Separation in the second dimension was carried out by SDS-PAGE using 20-by 20-by 0.1-cm 12% polyacrylamide gels (18) . Two strips were loaded on each gel to ensure that running conditions were the same for both samples. 2-D gels were stained with colloidal Coomassie brilliant blue G-250 (24) (Roth, Kassel, Germany) and dried in a stream of unheated air. Phenol-induced proteins were identified by visual inspection and comparison of protein patterns with the Delta 2D v3.3 software (Decodon, Greifswald, Germany).
In-gel digestion of proteins. Protein spots were excised, and the slices were washed twice with 200 l methanol-acetic acid-water (50:5:45 [vol/vol/vol]) for 1 h and once with acetonitrile for 5 min. The gel pieces were dried under vacuum. The cysteine residues were reduced by 30 l 10 mM 1,4-dithiothreitol (30 min; room temperature) and alkylated by 30 l 100 mM 2-iodocetamide (30 min; room temperature). After dehydration with acetonitrile, equilibration with ammonium bicarbonate, and another dehydration step with acetonitrile, the proteins were dried under vacuum and proteolytically cleaved by modified porcine trypsin (Sigma-Aldrich, Steinheim, Germany) overnight at 37°C. Peptides were extracted from the gel pieces twice by the addition of 30 l acetonitrile-formic acid-water (50:5:45) and concentrated under vacuum. After the addition of 10 l 3% acetonitrile in 0.1% formic acid, the acidified peptides were subjected to liquid chromatography-tandem mass spectrometry (LC-MS-MS).
LC-MS-MS. Separation of peptides was carried out by reversed-phase nano-LC (LC1100 series; Agilent Technologies, Palo Alto, CA) (analytic column, Zorbax 300SB-C 18 , 0.075 mm by 150 mm by 5 m; solvent, initially 0.1% formic acid, acetonitrile concentration increasing from 0% to 55% in 30 min) and analyzed by MS-MS (LC/MSD Trap XCT mass spectrometer; Agilent Technologies). Protein identification was carried out by database searches using MS-MS ion search (Mascot v 2.2.1; Matrix Science, London, United Kingdom) against the NCBI (National Center for Biotechnology Information, Rockville, MD) nonredundant protein database NCBInr 20080221.fasta. Trypsin was selected as the enzyme, and up to one missed cleavage site was allowed. Variable modifications, such as carbamidomethyl at cysteines or oxidized methionines, were allowed. The search was restricted to peptides containing peptide charge state 2 or 3 and was conducted with a peptide tolerance of Ϯ1.2 Da and an MS-MS tolerance of Ϯ0.8 Da.
Phenylphosphate carboxylase assay. Cell extracts were prepared in 50 mM MOPS (morpholinepropanesulfonic acid)/KOH, pH 7.0, 15% glycerol, 20 mM mercaptoethanol, 0.5 mg DNase I/ml, using a French press, followed by ultracentrifugation (1 h;, 100,000 ϫ g). Enzymatic tests were routinely carried out in 0.5-ml reaction volumes at 30°C and under strictly anaerobic conditions. The standard assay mixture for the net carboxylation assay contained approximately 1.6 mg protein, 2 mM MgCl 2 , 20 mM KCl, 20 mM mercaptoethanol, 2 mM sodium phenylphosphate, and 20 mM NaH 14 CO 3 (0.4 Bq nmol Ϫ1 ). The isotope exchange assay mixture contained approximately 0.8 mg protein, 4 mM 4-OHB (sodium salt), and 40 mM NaH 14 CO 3 (0.8 Bq nmol Ϫ1 ). The reactions were started by adding [
14 C]bicarbonate. Four-hundred-microliter samples were routinely withdrawn after 10 min and added to 40 l of 3 M perchloric acid.
14 CO 2 that had not been fixed was removed by shaking the samples at room temperature for at least 3 h. After the addition of 3 ml Scintillation Cocktail (EcoScint Plus; Roth, Kassel, Germany), the amount of radioactivity in the nonvolatile, acid-stable product (4-OHB) was determined by liquid scintillation counting in a Tri-Carb 2100 TR Liquid Scintillation Analyzer (Canberra Packard GmbH, Dreieich, Germany) for 5 min. The amount of labeled 4-OHB formed was calculated from the amount of fixed radioactivity by taking into account the known specific radioactivity of the total 14 CO 2 added to the assay mixture. The detection limit was approximately 5 Bq (ϳ6 nmol fixed product).
A direct carboxylation of phenol without using ATP was tested in the same assay mixtures containing phenol instead of phenylphosphate. Residual ATP was removed by the addition of 5 units hexokinase (Sigma) and 4 mM glucose. Reaction mixtures containing hexokinase were incubated at 30°C for 5 min prior to starting the carboxylation reaction.
Protein concentrations were determined with the Coomassie blue protein assay (7), with bovine serum albumin as the standard.
HPLC. The concentrations of phenol and benzoate were determined by highpressure liquid chromatography (HPLC) (Shimadzu) using a UV/VIS detector. Separation was performed at 23°C and a flow rate of 0.6 ml min Ϫ1 using a Nucleosil 100 C 18 column (3 mm by 250 mm; 5-m size of filling; Knauer GmbH, Berlin, Germany) as a stationary phase and a buffer containing 60% (vol/vol) NaH 2 PO 4 (131.5 mM, pH 2.8) and 40% (vol/vol) acetonitrile as the liquid phase. Samples (1 ml) were prepared by the addition of 12.5 l 10 N NaOH, thorough mixing, and centrifugation (10 min; 18,900 ϫ g; 4°C). The supernatant was diluted 10-fold with distilled water, and 20 l of each sample was injected. The compounds were detected at 271-nm wavelength.
Acetate concentrations were determined by HPLC (Shimadzu) using a UV detector. Separation was performed at 70°C and a flow rate of 0.6 ml min Ϫ1 using a Nucleogel ION 200 OA column (7.8 mm by 300 mm; 10-m size of filling; Macherey-Nagel) as the stationary phase and a buffer of 0.005 N H 2 SO 4 as the mobile phase. Samples were prepared by centrifugation. Twenty microliters of the supernatant was injected; detection was performed at 190 nm.
RESULTS

Intermediates of phenol degradation. A concentrated cell suspension of G. metallireducens GS-15 was incubated with trace amounts of [U-
14 C]phenol (2.5 M) in the presence of CO 2 . Intermediates derived from [ 14 C]phenol were detected by TLC and autoradiography. On the TLC plate, a labeled product comigrating with phenylphosphate was already formed after 12 s (Fig. 2) , and a less polar product comigrating with 4-OHB also appeared. Whereas the amount of labeled phenylphosphate did not significantly increase during the course of the experiment, labeled 4-OHB steadily accumulated. This is the first indication of phenylphosphate being an intermediate of phenol degradation in G. metallireducens, leading to 4-OHB. The radioactive phenol spot continuously decreased and was no longer detectable after 5 min. Two more faintly labeled spots appeared early (Fig. 2) . Spot Y might represent 4-hydroxybenzoyl-CoA, which comigrated with this spot.
Expression of pps-and ppc-like ORFs. To test whether the phenylphosphate synthase-and phenylphosphate carboxylaselike ORFs of G. metallireducens were induced during growth on phenol, reverse transcription-PCR studies were carried out. Total RNA of cells growing exponentially on phenol, benzoate, or acetate was extracted. A set of seven oligonucleotide pairs was used for expression analysis. As a control, expression of the housekeeping gene rpoB, coding for the ␤-subunit of RNA polymerase, was studied. Figure 3A shows that rpoB was expressed independently of the carbon source utilized by the strain. For all of the ORFs putatively involved in phenol degradation, products of the expected sizes were obtained from cDNA of cells grown on phenol. They were also observed in benzoate-grown cells, but at a lower level. No PCR products were observed with cDNA of cells grown on acetate, showing that they were specifically expressed during growth on the aromatic substrates. As another control, the expression of two lower pathway genes, bamR and bamA, was tested. As expected, equal amounts of PCR products were obtained with cDNA of benzoate-or phenol-grown cells, but not with cDNA of cells grown on acetate. In a similar way, the carboxylase-like ORF (ORF8 in Fig. 1B ; accession no. YP_385059.1) and the ppcD-like ORF (YP_385066.1), which could possibly play roles in phenol degradation by G. metallireducens, were tested for expression. Both were expressed in phenol-grown cells, but not in acetate-grown cells (Fig. 3B) . These results show that the ORFs under study were all transcribed in the presence of phenol.
Translation of the transcripts. To investigate if translation of the transcripts took place, the soluble protein fraction of cells growing exponentially on phenol or benzoate was separated by 2-D SDS-PAGE. Comprehensive analysis of more than 70 spots in the regions of interest (delimited by the calculated molecular masses and isoelectric points [pIs] of the Pps and Ppc subunits) was carried out. Two strongly induced proteins (Fig. 4) were identified as YP_385054.1 (PpsA-like) and YP_385056.1 (PpcB-like), respectively (Table 1) . Their pIs and apparent molecular masses corresponded well with the calculated values. Neither of the two proteins was detected in ex- 7), and 60 min (lane 8) of incubation. Substrate and intermediates were separated by TLC and detected by phosphorimaging. Identification was based on comigration with unlabeled internal standards visualized under UV light: A, phenol; B, phenylphosphate; C, 4-OHB; X and Y, not identified. Note that the phenol spot is never as intense as the 4-OHB spot because phenol is volatile, in contrast to 4-OHB. Hence, the intensities of the nonvolatile-product spots directly reflect their concentrations, whereas the intensity of the phenol spot represents a relative value (i.e., the fraction of phenol that did not evaporate during the experiment). Table S1 and Fig.  S1 in the supplemental material) were related to energy and nucleotide metabolism, protein synthesis, heat shock, and transport and might help the cell to cope with the toxic nature of phenol. Noteworthy was the expression of Bam-like, so-faruncharacterized proteins. In protein spots 12/13, 37, 40/41/42, and 47 (see Fig. S1 in the supplemental material), four proteins were detected that belong to one gene cluster (YP_386227.1 through YP_386240.1). The gene products of five reading frames of this cluster (YP_386236.1 through YP_386240.1) display between 59 and 80% identity to BamO, BamP, BamS, BamT, and BamN, respectively. However, the gene order differs from that of the bam genes. Proteome investigation showed that the gene cluster under study is translated. In contrast to the results of the transcription analysis, where the mRNAs of the pps-and ppc-like genes were found in both benzoate-and phenol-grown cells, a clear difference in the expression of the proteins was observed between benzoate-and phenol-grown cells. Translation was induced only during growth on phenol but, within the detection limits of the method, not during growth on benzoate. The discrepancy between the transcription of the genes involved in phenol carboxylation to 4-OHB and the translation of the respective transcripts was unexpected and is discussed below.
Phenylphosphate carboxylase activity. The phenylphosphate-carboxylating activity was tested in vitro with extracts of cells grown on phenol, using 14 CO 2 and phenylphosphate as substrates. In control reactions, phenylphosphate was omitted. Table 2 shows that cell extracts were able to carboxylate phenylphosphate. The specific activity was comparable to that reported for T. aromatica (10 nmol/min ⅐ mg) (29) . When phenol instead of phenylphosphate was tested, only a small amount of radioactivity (Ͻ10% compared to phenylphosphate) was incorporated from 14 CO 2 into acidstable products, most likely 4-OHB. This small 14 CO 2 incorporation was completely abolished when hexokinase plus glucose were added to the assay to trap residual ATP in cell extracts. This result clearly indicated that phenylphosphate rather than phenol was carboxylated.
Surprisingly, extracts hardly catalyzed an isotope exchange reaction between 14 CO 2 and the carboxy group of 4-OHB. The observed rate was near the detection limit of the assay. This exchange reaction is a partial reaction of phenylphosphate carboxylase catalysis in T. aromatica (29) , and the isotope ex- change rate is 10-fold higher than the net phenylphosphate carboxylation rate.
DISCUSSION
It was the aim of this work to characterize the initial steps of anaerobic phenol metabolism in G. metallireducens and to test, in particular, if the pps-and ppc-like ORFs detected in its genome are functional. Metabolite, transcriptome, proteome, and enzyme studies revealed that the phenol degradation pathway in this strictly anaerobic iron-reducing deltaproteobacterium parallels that known from the facultative nitrate-reducing betaproteobacterium T. aromatica.
Phenylphosphate was identified as the first intermediate of phenol degradation in the strain, appearing shortly after the onset of phenol consumption and accumulating transiently (Fig. 2) . Formation of a functional phenylphosphate synthase catalyzing the conversion of phenol to phenylphosphate in G. metallireducens is likely. Homologues of the three genes known to encode the subunits of the respective enzyme in T. aromatica (ppsABC) are present in G. metallireducens and are transcribed; translation of ppsA in the presence of phenol was proven ( Fig. 3 and 4) .
Another metabolite that accumulated in the cell suspension experiment was 4-OHB. This is in accordance with previous studies that detected 4-OHB as a metabolite of phenol breakdown in G. metallireducens (20) . The gene cluster studied here carries only a homologue for the ␤-subunit of phenylphosphate carboxylase. This gene, ppcB, is transcribed and translated during growth on phenol ( Fig. 3 and 4) . The carboxylase-like ORF8 and the ppcD homologue located nearby are transcribed during growth on phenol. Enzyme studies were conducted to clarify whether an active phenylphosphate carboxylase was synthesized in G. metallireducens. They showed that the respective enzyme is present in cell extracts of the strain and that its activity is comparable to that observed in T. aromatica (Table 2) .
From our results, it can be concluded that phenol degradation in G. metallireducens is accomplished via the same pathway as described for T. aromatica, i.e., initial activation of phenol to phenylphosphate and subsequent carboxylation to 4-OHB (Fig. 1A) . In the following steps, 4-OHB can be transformed to the central intermediate benzoyl-CoA by enzymes described previously (26) and further broken down to acetylCoA and CO 2 .
However, the question remains as to what the architecture of the phenylphosphate carboxylase in G. metallireducens is. In T. aromatica, all four subunits, PpcABCD, are required for formation of an active phenylphosphate carboxylase. The ppcAC genes lacking in the gene cluster studied here could be replaced by genes located elsewhere in the genome of G. metallireducens. However, no obvious candidate for a ppcC homologue was identified in BLAST searches using different algorithms. ORF Gmet_0993 could be a candidate for a ppcA homologue, as it shows 25% identity (42% similarity) to the deduced amino acid sequence of ppcA. Alternatively, the composition of the G. metallireducens enzyme could differ from that of the phenylphosphate carboxylase of T. aromatica. As a consequence, the phenylphosphate carboxylase of G. metallireducens may be expected to display characteristics distinguishing it from Ppc of T. aromatica. Indeed, one distinguishing catalytic feature of the Geobacter carboxylase was the lack of the 14 CO 2 isotope exchange reaction. In T. aromatica the two large subunits of phenylphosphate carboxylase, PpcA and PpcB, both resemble UbiD, a carboxylase subunit involved in ubiquinone biosynthesis. However, in other (de)carboxylases, only one of the large subunits is UbiDlike, and the other more closely resembles UbiX, an isoenzyme of UbiD (22) . In G. metallireducens, an ubiX-like ORF is located immediately downstream of ppsC (Fig. 1) . It resembles ORF8 of T. aromatica, an ORF that has not yet been characterized (9) . The ubiX-like ORF is transcribed alongside the pps and ppc genes (Fig. 3B) . It is noteworthy that a similar ORF is also part of a pps-ppc-like gene cluster in Geobacter sp. strain FRC-32 (Fig. 1) . The organization of this gene cluster is identical to that in G. metallireducens, whereas the regions flanking it differ from both G. metallireducens and T. aromatica. This a Proteins were defined as unambiguously identified when at least three peptides were present, the MS-MS Mowse score was Ͼ100 and the Mascot-defined significance was Ͼ95. The complete results of the proteome analysis are included in Table S1 and Fig. S1 in the supplemental material.
b Molecular weight search score. Scoring was based on peptide frequency distribution from the OWL nonredundant protein database. implies that the ORF8 (ubiX)-like ORF could play an important role in phenol degradation and might be involved in the formation of a functional phenylphosphate carboxylase. The unidirectionality of the phenylphosphate carboxylase reaction in T. aromatica is thought to be brought about by the ␦-subunit exerting phosphatase activity on the substrate. The gene region studied here carries three ORFs sharing significant sequence similarities with kinase/phosphatase genes, ORF B, ORF D, and ppcD (Fig. 1B) . The ORF B product resembles butyrate and acetate kinases, including PcmL (accession no. YP_385082.1), encoded within the p-cresol catabolic gene cluster further downstream. No function in p-cresol metabolism has been assigned to PcmL. Given the substrate range of this family of enzymes, it seems unlikely that the gene product of ORF B is involved in the metabolism of an aromatic substrate. The deduced amino acid sequence of ORF D resembles that of proteins belonging to the HDc superfamily of metal-dependent phosphohydrolases. Members of this protein family are involved in nucleic acid and protein metabolism and signal transduction (2) . The PpcD protein in T. aromatica, on the other hand, belongs to the HAD superfamily of hydrolases. An ORF putatively encoding an HAD superfamily hydrolase and displaying 45% similarity to ppcD is located further downstream (Fig. 1B) and is transcribed in the presence of phenol (Fig. 3B) . Whether this ORF, ORF D, or the ppcD homologue present elsewhere in the genome of G. metallireducens (Gmet_1279; accession no. YP_384240.1) takes over the role of PpcD is not known. Clearly, further studies are needed to identify the protein exerting phosphatase activity and to clarify if the phenylphosphate carboxylase in G. metallireducens requires a PpcC analogue, the small subunit unique to the carboxylase of T. aromatica.
Catabolic pathways are often regulated on the transcriptional level. This is also the case with the genes for phenol degradation in G. metallireducens that were specifically transcribed in the presence of aromatic substrates, but not during growth on acetate. The pps-ppc gene cluster is preceded by an ORF whose product shows 69 and 67% identity to the putative regulators of phenol degradation in strain EbN1 and T. aromatica, respectively. It also shows around 45% identity to characterized members of the XylR-type family of transcriptional regulators that regulate the expression of degradative pathways of various aromatic compounds (31) . XylR-type regulators activate RNA polymerases containing the alternative sigma factor 54 and, in order to do so, bind to the so-called upstream activating sequences (UAS) usually located more than 100 bp upstream of the 54 -RNA polymerase binding site (31) . The UAS often form imperfect palindromes. A sequence strongly resembling the Ϫ24/Ϫ12 consensus sequence of 54 -dependent promoters [TGGCACA-N 4 -TTGC(A/T)T] (32), namely TGGCACA-N 4 -aTGCTc (capital letters refer to positions conserved in G. metallireducens), is located 135 bp upstream of the translational start site of the gene cluster under study. A candidate sequence for a UAS, GCaATTTGCG-N 5 -CGCAAATcGC, is located another 100 bp upstream of the putative promoter sequence and further supports the hypothesized mode of transcriptional regulation. It is noteworthy that the downstream region of the pps-ppc gene cluster harbors another three ORFs whose products show significant sequence identity with XylR-like regulators. As this type of regulator can act in trans (31) , it is so far unknown which of the reading frames is active in the regulation of phenol degradation in G. metallireducens.
Comparison of the regulation of phenol metabolism on the transcriptional and translational level reveals a pattern similar to that described previously (26) . There, the genes for the peripheral pathway of p-cresol metabolism were transcribed during growth on benzoate, despite lacking a function in benzoate breakdown. The respective proteins were observed only during growth on p-cresol. Therefore, it was suggested that posttranscriptional regulatory elements inhibit the synthesis of the respective proteins. In our study, we also observed transcription of the genes encoding the initial steps of phenol metabolism during growth of G. metallireducens on benzoate, though at a reduced level. Translation of the mRNA took place during growth on phenol, but the respective proteins were not observed during growth on benzoate. These findings again indicate the existence of a posttranscriptional regulation mechanism and raise the question of a general mechanism for posttranscriptional regulation of peripheral pathways for the breakdown of aromatic compounds in G. metallireducens. Whether this regulatory mechanism is operative on the translational or on the protein level (e.g., influencing protein stability) is unknown.
Previously it was thought that gene expression in bacteria is mainly regulated on the transcriptional level. However, during the last few decades, many different posttranscriptional control mechanisms have been identified in prokaryotes (12, 30, 33) . Whether a similar mechanism is operative in the posttranscriptional regulation of catabolic pathways for aromatic compounds in G. metallireducens requires further systematic analyses.
